Hamartin and tuberin interact directly to regulate cell growth negatively. In this study, far-western blotting revealed that hamartin binds directly Heat shock protein 70 (Hsp70), even in the absence of tuberin. While the hamartin-tuberin complex acts as a sensor for a variety of types of stress, it is unclear how the complex is regulated under stress conditions. We found that the hamartin-Hsp70 interaction is stabilized during heat shock. On the other hand, tuberin underwent degradation through phosphorylation in an Akt-dependent manner. Furthermore, we found that when Hsp70 expression was inhibited by N-formyl-3,4-methylenedioxy-benzylidene--butyrolactam (KNK437), Akt phosphorylation on site Ser308 diminished and tuberin was not phosphorylated at Thr1462 during heat shock. We conclude that both hamartin and Hsp70 increase in response to heat shock, whereas tuberin is phosphorylated and thereafter degraded via the PI3K/Akt pathway. Through this pathway, hamartin-Hsp70 plays a crucial role as a scaffolding protein that transfers the Akt signal to tuberin.
Tuberous sclerosis complex (TSC) is a multi-systemic disorder characterized by the development of numerous benign tumors that most commonly affect the brain, kidneys, skin, heart, and lungs. It occurs in about one in 6,000 live births in the general population. 1) Two different genetic loci linked to the TSC, TSC1 and TSC2, are associated with disease occurrence, and they act as tumor suppressor genes.
2) TSC1 encodes a 150-kDa protein (hamartin), while TSC2 encodes a 200-kDa protein (tuberin).
Hamartin and tuberin have been implicated in the regulation of various cellular functions, including endocytosis, apoptosis, and cell adhesion. [3] [4] [5] Recent studies have shown that hamartin and tuberin interact strongly, forming a heterodimer that negatively regulates a small GTPase, Ras homolog enriched in the brain (Rheb), through the GTPase-activating (GAP) domain of tuberin. 6, 7) Akt and other factors phosphorylate tuberin and inhibit its downstream signaling targets, including Rheb, the mammalian target of rapamycin (mTOR), and the ribosomal protein S6 kinase (S6K), via the hamartintuberin complex. 8) Phosphorylation of hamartin and/or tuberin might play an important role in the formation of the hamartin-tuberin complex under various stress conditions, including hypoxia, low energy, and DNA damage, [9] [10] [11] but the regulatory mechanisms underlying the association of hamartin and tuberin under stress have not been well documented.
Here, we identified Hsp70 as a novel hamartinbinding partner using far-western blot analysis with subsequent mass spectrometric identification of protein spots. We found that hamartin can bind Hsp70 directly even in the absence of tuberin, and that this interaction is important for PI3K/Akt-dependent phosphorylation of tuberin during heat shock.
Materials and Methods
Antibodies. Antibodies against tuberin (C-20) and hamartin (H-300) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) for immunoblotting. Antibody against mouse hamartin was from ZYMED Laboratories (San Francisco, CA) for immunoprecipitation. Antibodies against HA and -actin were from Sigma (St. Louis, MO), Hsp70 antibody from Stressgen (Ann Arbor, MI), and Akt antibody from Cell Signaling Technology (Danver, MA). Phospho-specific antibodies against Akt (Ser308) and tuberin (Thr1462) were obtained from Cell Signaling Technology. All primary antibodies were diluted with Trisbuffered saline (TBST) at 1:1,000.
Cell culture and heat shock conditions. Cos-1 cells were cultured in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal bovine serum (FBS) (Equitech-Bio, Kerrville, TX), 100 U/ml of penicillin, and 100 mg/ml of streptomycin (Gibco BRL/Invitrogen, Carlsbad, CA) at 37 C in 5% CO 2 . For heat shock treatment, cells cultured in 10-mm tissue culture plates were incubated at 42 C in 5% CO 2 . EEF-4 (a tuberin-positive embryonic fibroblast cell line derived from the Eker rat) and EEF-8 (a tuberin-negative embryonic fibroblast cell line also derived from the Eker rat) 12) were cultured in Dulbecco's modified Eagle's medium/Nutrient Mixture F-12 Ham (Sigma) supplemented with 10% FBS, 100 U/ml of penicillin, and 100 mg/ml of streptomycin at 37 C in 5% CO 2 .
Reagents. KNK437 (N-formyl-3,4-methylenedioxy-benzylidene--butyrolactam) was purchased from Calbiochem (San Diego, CA). MG132 was from Sigma. KNK437 and MG132 were dissolved in DMSO at the indicated concentrations. Two-dimensional gel electrophoresis and far-western blot. The Animals Study Committee of the Tokyo University of Agriculture approved this study, and the animals were maintained in accordance with the guidelines for the Care and Use of Laboratory Animals of the university. Male Sprague-Dawley (SD) rats (3 months of age) were sacrificed, and approximately 1 g of fresh brain tissue was immediately homogenized with 4 volumes of buffer (10 mM Hepes, pH 7.6; 1 mM EDTA; 250 mM sucrose; 0.5 mg/ml of leupeptin; 2 mg/ml of aprotinin; and 10 mg/ml of PMSF, pH 7.6). Intact cells were removed by centrifugation at 3;000 Â g for 10 min. The supernatant was centrifuged again at 100;000 Â g for 60 min (S-100) before use in twodimensional gel electrophoresis and far-western blotting. The S-100 fractions (total protein, 500 mg) were applied on immobilized, pH 3-10, non-loner gradient strips in sample cups at their basic and acidic ends. Molecular masses were determined by running standard protein markers, covering a range of 50-200 kDa. The pI values were used as given by the supplier of the IPG strips. After transfer to PVDF membrane, the S-100 fractions were refolded with urea (8.0 to 0 M) diluted with phosphate buffered saline (PBS) with 0.02% Tween-20 (PBST). Then the membrane was incubated overnight with PBST containing 5% blocking reagent (accessory to ECL advance product by Amersham) at 4 C. Subsequently, the membrane was incubated for 1 h with PBST containing the 1:0 Â 10 À2 M hamartin-biotin probe, and diluted with PBST as the primary antibody and HRP-conjugated avidin as the secondary antibody. The GE Healthcare ECL System was used for detection.
LC-MS/MS.
After we performed far-western blot and visualized the gel by ruby staining, the one spot was excised with a spot picker. Protein spots were analyzed by LC-MS/MS following in-gel digestion. Further, peptide masses were compared to the theoretical peptide masses of all available proteins from all species of the NCBInr database.
DNA constructs and transfection. pcDNA3-TSC1 vector was kindly provided by E. P. Henske (Fox Chase Cancer Center, Philadelphia, PA). The E. coli expression vector containing the hamartin-biotin probe was constructed pcDNA3-TSC1 was digested with the restriction enzymes Not1 and cloned into the PinPointÔ Xa-1 vector, which was also digested with Not1 using the PinPointÔ Xa Protein Purification System (Promega, Madison, WI). Non-phosphorylatable mutant TSC2 (T1462A) was constructed by mutating wild-type TSC2 cDNA using the QuikChange Ò Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA) with the specific primer. Wild-type TSC2 and nonphosphorylatable mutant TSC2 (T1462A) were cloned into the pCMV-HA vector (BD Bioscience). Transfections of the mammalian expression vectors were performed with Lipofectamine 2000 (Invitrogen) or FuGENE 6 (Roche Applied Science, Indianapolis, IN) transfection reagents following the manufacturers' instructions.
Immunoprecipitation and immunoblot. Cells were washed twice with PBS and lysed with 100 ml lysis buffer (20 mM Hepes, pH 7.4; 100 mM NaCl; 5 mM MgCl 2 ; 1% Triton X-100; 0.5 mg/ml leupeptin; 2 mg/ml aprotinin; and 10 mg/ml PMSF, pH 7.6). Lysates were incubated with a specific antibody in the presence of protein Aagarose beads. The beads were washed with IP buffer (10 mM TrisHCl, pH 7.6; 150 mM NaCl; 1% Triton X-100; 0.5 mg/ml leupeptin; 2 mg/ml aprotinin; and 10 mg/ml PMSF, pH 7.6), and the immunoprecipitates were separated by SDS-PAGE, transferred to PVDF membrane, and incubated with specific antibody. The immunoblots were developed using HRP-conjugated anti-rabbit/mouse IgG antibody as a secondary antibody and visualized using the GE Healthcare ECL System (Piscataway, NJ).
Immunostaining. Cos-1 cells were fixed with 4% formaldehyde in PBS for 10 min. Nonspecific binding of antibodies was blocked with 5% sheep serum for 60 min, after which the cells were incubated with primary antibody in 5% sheep serum for 60 min. Bound primary antibodies were visualized with a secondary antibody. After extensive washing with an ECL wash buffer (1 M Tris-HCl, pH 7.6; 5 M NaCl; 0.5% Tween-20), slide glasses were mounted with IMMU-Mount (Thermo Scientific, Pittsburgh, PA). Cos-1 cells were observed with confocal fluorescence microscopy (Olympus, FV500-IX, Tokyo).
Results

Novel direct interaction between hamartin and Hsp70 in the absence of tuberin
Endogenous hamartin and tuberin are present in multiple compartments in primary tissues, including the brain, liver, testis, and spleen. 13) A proteomics approach was used to identify novel proteins that directly interact with hamartin. Specifically, we used far-western blot, with a bacterially expressed biotinfused hamartin (hamartin-biotin) probe and LC-MS/MS. Proteins were applied to a two-dimensional gel and subsequently applied to far-western blot. Peptide mass analysis by mass spectrometry revealed the 70-kDa protein Hsp70 to be an interacting partner for hamartin in rat brain tissue (Fig. 1A) . Further, immunoprecipitation with an anti-Hsp70 antibody and immunoblotting with anti-tuberin and hamartin determined that the hamartin-Hsp70 interaction takes place in the S-100 fraction (Fig. 1B) . Subsequently, the effect of tuberin on the hamartin-Hsp70 interaction was analyzed in the EEF-4 (a tuberin positive) and the EEF-8 (a tuberin negative) cell line. Immunoprecipitation using antihamartin antibody showed that the hamartin-Hsp70 interaction occurred even in the absence of tuberin (Fig. 1C) , indicating that Hsp70 can interact directly with the hamartin-tuberin complex or with free hamartin.
Heat shock resulted in decreased binding of hamartin to tuberin, but maintained hamartin-Hsp70 interaction
The Hsp70 response is essential for protection against the stress of heat shock.
14) Hence, we evaluated the effects of heat shock on the interaction of Hsp70, hamartin, and tuberin. Heat shock treatment increased the expression level of hamartin approximately 1.5-fold, similarly to the change in Hsp70 expression after heat shock (1.8 fold) as compared to the basal control ( Fig. 2A) . In contrast, tuberin was gradually degraded by heat shock (Fig. 2A) . Further examination of the interaction between endogenous hamartin, tuberin, and Hsp70 during heat shock using anti-hamartin showed that the amount of the hamartin-tuberin complex decreased but the hamartin-Hsp70 interaction did not decrease during heat shock in Cos-1 cells (Fig. 2B) . Further, immunofluorescence microscopy revealed the co-localization of hamartin with Hsp70 with and without heat shock, but co-localization of hamartin with tuberin dissociated during heat shock (Fig. 2C) .
Degradation of tuberin via phosphorylation at Thr1462 through hamartin-Hsp70 interaction during heat shock
It appeared that levels of the hamartin-tuberin complex decreased when tuberin was degraded, and so the effect of a proteasome inhibitor MG132, was examined during heat shock. Treatment with MG132 attenuated heat shock-induced tuberin degradation (Fig. 3A) . Tuberin is phosphorylated at Thr1462 and degraded through activated Akt in PC12 cells. 15) Hence, we transfected Cos-1 cells with wild-type TSC1 and wild-type TSC2-HA or non-phosphorylatable TSC2 (T1462A)-HA to determine whether tuberin degradation during heat shock would be dependent on its phosphorylation. Non-phosphorylatable tuberin (T1462A)-HA was not degraded during heat shock (Fig. 3B ). These data indicate that tuberin is phosphorylated at Thr1462 and subsequently degraded by heat shock.
Phosphorylation of Akt and tuberin is dependent on the hamartin-Hsp70 interaction during heat shock
The effect of heat shock on Akt activation was examined in Cos-1 cells by measuring changes in phosphorylation-dependent activity, since the results of a previous study suggested that PI3K/Akt signaling regulates the hamartin-tuberin complex by phosphorylation of tuberin. 16, 17) Heat shock resulted in activation of Akt, as indicated by modulation of Ser308, and was accompanied by phosphorylation of tuberin at Thr1462 (Fig. 4A) . We next examined whether Hsp70 interacts with Akt and tuberin, in addition to hamartin, in Cos-1 cells. After heat shock treatment, cells lysates were prepared and immunoprecipitated with anti-Hsp70 antibody. Hsp70 associated with hamartin, tuberin, and Akt. Phosphorylation of Akt and tuberin interacted with Hsp70 during heat shock (Fig. 4B) .
Next, we examined to determine whether the phosphorylation of tuberin by heat shock is regulated by heat shock-induced Akt activation. The PI3K inhibitor LY294002 suppressed phosphorylation of Akt (Ser308) and tuberin (Thr1462) during heat shock (Fig. 4C) . Hence, heat shock activated Akt, and thereafter tuberin was phosphorylated. Furthermore, when Hsp70 expression was inhibited by a heat shock protein inhibitor KNK437, 18) phosphorylation of Akt (Ser308) and tuberin (Thr1462) was suppressed during heat shock in Cos-1 cells (Fig. 4D) . Thus, phosphorylation of Akt and tuberin was regulated by hamartin-Hsp70 interaction during heat shock.
Discussion
Phosphorylation of hamartin and/or tuberin might play an important role in the formation of the hamartintuberin complex under various stress conditions, including hypoxia, low energy, and DNA damage. [9] [10] [11] This study indicates that the Akt-tuberin signal is activated during heat shock stress by binding of hamartin to Hsp70.
In previous studies, stress-related proteins, e.g., NADE, 11) bound hamartin, suggesting that hamartin participates in the stress response. Moreover, Hsp70-1 and Hsc70 were recently identified as novel tuberinbinding proteins in HEK293 cells, 19) but the mechanisms by which tuberin and Hsp70 bind together and the nature of the hamartin interaction with this complex remain unclear. Here, we found for the first time that hamartin binds directly to Hsp70. Moreover, we found that tuberin, hamartin, and Hsp70 are present in the same complex (Fig. 1B) . Particularly intriguing was that hamartin can directly bind to Hsp70 in the absence of tuberin. Thus it is likely that Hsp70 binds hamartin rather than tuberin. We suggest that hamartin is a heat shock responding protein that directly binds Hsp70.
We also observed that the interaction of hamartin with Hsp70 is stabilized during heat shock, whereas tuberin is degradated from the complex (Fig. 3B) . During heat shock, the hamartin-Hsp70 interaction appeared to increase in the peri-nuclear area rather than in the nucleus, where the Hsp70 positive signal was observed (Fig. 2C) . Conversely, the interaction of hamartin with tuberin diminished under heat shock (Fig. 2B) , but the specific intracellular localization of the hamartin-Hsp70 complex remains unclear. We then observed that phosphorylation of tuberin at Thr1462, which is a crucial event for tuberin separation from hamartin, increased during heat shock. We found that this phosphorylated tuberin thereafter decayed, presumably through proteasome degradation (Fig. 3C) . These results diverge from previous reports, which indicate that hamartin and tuberin undergo degradation and dissociation of hamartin and tuberin through constitutively activated Akt. A, Identification of a 70-kDa protein bound to hamartin. Rat brain extract (S-100) was subjected to far-western blot analysis using a hamartinbiotin probe (þ). PinPointÔ Xa-1 vector probe was used as a negative control (À). The arrow indicates the protein spot identified as Hsp70 using LC-MS/MS. B, Immunoprecipitation with anti-Hsp70 antibody was analyzed by immunoblotting with the indicated antibodies in S-100 fractions. Normal mouse immunoglobulin G (IgG) was used as a negative control. C, After immunoprecipitation of cell lysates with antihamartin antibody, immunoblotting was performed with the indicated antibodies in EEF-4 and EEF-8 cells.
When Akt activity was inhibited by LY294002 during heat shock, limited phosphorylation of Akt and tuberin was observed, which indicates that heat shock activates Akt. These data correlate well with the fact that the Akt signal is activated during heat shock. 22) Furthermore, Akt and tuberin phosphorylation was also inhibited by KNK437, an Hsp70 inhibitor. Considering these data and the report that Hsp70 binds Akt, 23) we conclude that Akt activity is regulated by the binding of Hsp70, and that this interaction further influences The cells were then exposed to HS at 42 C for 30 min before harvest. Cell extracts were subjected to immunoblot with the indicated antibodies. Actin was included as a control for equal loading. tuberin activity. Hsp families have been found to be phosphorylated by tyrosine, serine, and threonine kinases. 24, 25) Since hamartin-tuberin complex is controlled under the regulation of an insulin/Akt signal, 17) we also suggest that the activity of hamartin-Hsp70 complex during Akt-dependent tuberin phosphorylation is not a heat shock-specific event but rather a general control, since we observed the same results after insulin stimulation (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). Thus we have demonstrated that the Akt-hamartin-tuberin signal is highly regulated via the hamartin-Hsp70 interaction. Insulin-resistant states and diabetes result in low Hsp70 levels and decreased insulin action, leading to less phosphorylation of PI3K and Akt. 26) In addition, the levels of Hsp70 in muscle are associated with patients with insulin resistance and their first-degree relatives. 27, 28) Hence, we suppose that our findings contribute to understanding of the mechanisms of insulin resistance through tuberin degradation and hamartin-Hsp70 functions. This process leads to tuberin degradation, and hamartin-Hsp70 interaction has a further unknown role (Fig. 5 ).
In conclusion, heat shock stress activates Akt, which requires Hsp70, and this phosphorylates tuberin on Thr1462. During this process, hamartin directly binds Hsp70 and serves as a scaffolding protein transferring the Akt signal to tuberin. A, Akt activity during the HS was monitored by assessing Akt serine 308 (Ser308) and tuberin threonine 1462 (Thr1462) phosphorylation. Cos-1 cells were exposed to HS at 42 C for 0, 30, or 60 min. The indicated proteins were measured by immunoblotting. B, Cos-1 cell lysates were immunoprecipitated with anti-Hsp70 antibody, followed by immunoblotting with the indicated antibodies. Mouse immunoglobulin G (IgG) was used as a negative control. C, Cos-1 cells were treated with 10 mM LY294002 (a PI3K inhibitor), followed by HS at 42 C for 0 or 30 min. Akt Ser308 phosphorylation was measured as a indicator of LY294002 activity. D, Cos-1 cells were incubated at 37 C with 100 mM KNK437 (a heat shock protein inhibitor) before challenge with HS at 42 C for 0 or 30 min. Proteins were measured by immunoblotting. The effect of KNK437 was assessed by measuring the Hsp70 expression level. Actin was included as a control for equal loading. 
